In Brief
Just as a mechanism is necessary to select the most relevant sensory input for further processing, Kiyonaga and Egner identify an analogous mechanism for selecting internally activated representations in mind. The centersurround inhibitory organization operates on internal representations in working memory.
Directing visual attention toward a particular feature or location in the environment suppresses processing of nearby stimuli [1] [2] [3] [4] . Echoing the center-surround organization of retinal ganglion cell receptive fields [5] , and biasing of competitive local neuronal dynamics in favor of task-relevant stimuli [6] , this ''inhibitory surround'' attention mechanism accentuates the demarcation between task-relevant and irrelevant items. Here, we show that internally maintaining a color stimulus in working memory (WM), rather than visually attending the stimulus in the external environment, produces an analogous pattern of inhibition for stimuli that are nearby in color space. Replicating a well-known effect of attentional capture by stimuli that match WM content [7] , visual attention was biased toward (task-irrelevant) stimuli that exactly matched a WM item. This bias was curtailed, however, for stimuli that were very similar to the WM content (i.e., within the inhibitory zone surrounding the focus of WM) and recovered for less similar stimuli (i.e., beyond the bounds of the inhibitory surround). Moreover, the expression of this inhibition effect was positively associated with WM performance across observers. In a second experiment, inhibition also occurred between two similar items simultaneously held in WM. This suggests that maintenance in WM is characterized by an excitatory peak centered on the focus of (internal) attention, surrounded by an inhibitory zone to limit interference by irrelevant and confusable representations. Here, thus, we show for the first time that the same center-surround selection mechanism that focuses visual attention on sensory stimuli also selectively maintains internally activated representations in WM.
RESULTS
Observers remembered a colored working memory (WM) sample and then performed a simple visual search during the WM delay (see Figure 1A and the Supplemental Experimental Procedures). The search task was an orientation judgment on the single slanted line in the array, but search targets and distractors were surrounded by colored circles that varied continuously in similarity to the WM sample from one trial to the next. That is, the color of the surrounding circle was irrelevant to the goals of the search task but has nonetheless been found to influence search performance in many earlier studies [7] . The targetsurrounding color could be anywhere from exactly the same (0 WM-target distance) to completely opposite the WM sample in color space (i.e., 180 WM-target distance), and every WMtarget distance occurred equally often ( Figure 1B ). Thus, if there was no center-surround selection mechanism in WM maintenance, we might expect to observe a linear trend in search performance across a range where the target is categorically similar to the WM sample (i.e., 0 -60 [4] ): search targets would receive a processing benefit when they coincide with an exact match to the WM sample [8] [9] [10] , and this benefit would decrease monotonically with increasing deviation between the target and WM sample colors ( Figure 1C, left panel) . If, on the other hand, the center-surround principle applies to WM maintenance, we would expect to observe a cubic pattern ( Figure 1C , right panel): (1) targets that coincide with an exact match to the WM sample should receive an incidental processing benefit, (2) but that benefit should decrease for nearby target colors that fall within the WM suppressive surround, (3) the benefit should then be recovered for targets that fall just outside the suppressive surround, (4) and the benefit should finally dwindle and become a cost as targets become farther from the WM color (and distractors become more similar). This is, indeed, what we observed (Figures 2A and 2B) .
The color deviation between WM sample and search target significantly impacted the magnitude of visual search benefit, F(6, 60) = 5.3, p < 0.001, h 2 p = 0.35. As shown in Figure 2A , search was fastest when the target coincided with an exact WM match (i.e., WM-target distance = 0 ). Comparisons between individual conditions revealed that response time (RT) was slowed-thus, the WM benefit was diminished-for targets that were 10 and 20 away from the WM sample, (0 versus 10 : t(10) = 3.3, p = 0.008; 0 versus 20 : t(10) = 3.6, p = 0.005). Importantly, when the WM-target distance grew to 30 , search became faster, and the magnitude of WM bias was indistinguishable from that for an exact WM-target match (0 versus 30 : t(10) = 1.4, p = 0.2). As the WM-target distance grew further to 50 and 60 , however, the benefits of WM-target matching dwindled (0 versus 50 : t(10) = 3.8, p = 0.003; 0 versus 60 : t(10) = 4.1, p = 0.002). With even greater WM-target distance (i.e., beyond 90 ), the visual search distractor became more similar to the WM sample and RTs were further slowed, reflecting that attention was captured by irrelevant distractors [7] . While colors falling near the WM sample were not actively rejected (i.e., slower than neutral), the bias toward those colors was dramatically reduced, suggesting that those representations no longer benefited visual attention because their activity was suppressed. We thus observed striking evidence for a center-surround selection mechanism in WM. Visual search benefits of incidental matching between WM sample and search target were curtailed for targets that were very similar to the memory color, while such benefits were recovered for target colors that were farther away from the WM sample. Raw RTs for all conditions are reported in Table 1 , and raw RTs for all 12 individual subjects are shown in Figure S1 . All participants gave informed consent in accordance with the Duke University Institutional Review Board. See Table S1 for RTs and pairwise comparisons for both clockwise and counterclockwise directions around circular color space, illustrating a ''Mexican hat'' pattern, as has previously been described to characterize the distribution of visuo-spatial attention [3, 13] .
The idea that center-surround inhibition operates in the selection and maintenance of WM representations implies that, as in the ''external attention'' domain, this competitive suppression of nearby features should serve to better accentuate the taskrelevant memorandum from similar but task-irrelevant features. It follows that the expression of surround inhibition in WM should predict faithful maintenance of the WM sample. To test this prediction, we calculated an ''inhibition effect'' score for each individual, reflecting individual differences in the extent to which the WM-matching bias was inhibited at the maximum point of group inhibition (i.e., 20 ). Indeed, this score was correlated with WM performance across subjects, regardless of whether the latter was defined by WM probe accuracy (r = 0.65, p = 0.03, 95% confidence interval [CI] [.1, 0.9]; Figure 2D ) or recognition sensitivity, d' (r = 0.71, p = 0.02, 95% CI [.2, 0.9]). A more pronounced relative suppression for targets that were immediately surrounding the WM color was associated with better WM performance. Thus, not only does surround inhibition in WM hinder visual attention benefits for colors that would fall inside the suppressive zone, but also-within this modest sample-the effectiveness of that inhibitory mechanism relates to WM success.
As the above analyses were conducted on RT data, it is theoretically possible that the results conflate effects of WM content on perceptual processing with potential effects on other processing stages, like response selection. To more selectively examine the quality of visual information present at different WM-target distance conditions, we therefore also fit a diffusion model to the visual search data, using drift rate as an index of the signal-to-noise ratio in perceptual evidence accumulation [11, 14] (Figure 2B ). Over the range of 0 to 60 , WM-target distance had a significant impact on drift rate F(1, 10) = 3.1, p = 0.01, h versus 60 : t(11) = 5.2, p < 0.001). We further evaluated the observed performance pattern with non-linear curve-fitting and multi-model comparison, wherein the corrected Akaike information criterion (AICc) was used to assess the relative quality of linear, quadratic, and cubic models to characterize the group data. When fit at the level of inter-subject variability, a cubic curve model accounted for more variance (R 2 = 0.08) of drift rate in the critical target color range (0 to 60 ) than the quadratic (R 2 = 0.01) or linear (R 2 = 0.009) models, and the AICc weightings-representing the relative likelihood of a given model with respect to the other two-indicate that the cubic model was the clear winner (Figure 2C) . When fit to the group mean, furthermore, the cubic model again unambiguously accounted for the greatest degree of variance (R 2 = 0.8), as opposed to the linear (.09) and quadratic models (.15), demonstrating that the cubic curve exemplifies a good model for the data. Moreover, the fit of the cubic function at the individual level-indexed by root-meansquared error-correlated with WM probe accuracy (r = -.6, p = 0.05), further supporting the notion that the expression of center-surround inhibition contributes to the effectiveness of WM maintenance. (B) The entire color range over which WM and search stimuli were chosen and example search arrays for a selection of WM-target distance conditions. (C) If there is no center-surround mechanism in WM, response time (RT) would be expected to increase monotonically with distance between the WM sample and search target in color space. If the center-surround mechanism operates in WM, we would expect slower responding to targets that are very similar to the WM sample, but faster responding to target colors that are less similar (i.e., far enough away that they fall outside the inhibitory surround).
Prior examinations into WM biasing of attention have indicated that the extent of that bias reflects the status of the WM representation [15] [16] [17] [18] [19] [20] . The observation that this bias is diminished for stimuli that are nearby to a WM item in feature space, thus, strongly suggests that the WM representation itself is characterized by a center-surround maintenance mechanism. It might still be argued, however, that this modulation of the WM bias effect indicates only that center-surround inhibition of attentional selection is also observed when attention is guided by WM content-not necessarily that the inhibition occurs internally within WM itself. If the observed suppressive-surround does indeed stem from inhibition around the WM representation, then two similar representations that are maintained simultaneously in WM should inhibit one another-and consequently be less accessible when probed-as opposed to two representations that are more distinct. This is precisely what we found in a second experiment. Twenty observers saw two sequentially presented colored circle WM samples-which ranged from 0 -60 apart from one another-both to be remembered for a later test (see Figure 3A and Supplemental Experimental Procedures). After a blank WM delay, observers were probed on their memory for one of the two circles, and recognition RTs followed an inverted u-shaped curve with decreasing similarity between the samples ( Figure 3B ), reflected in a main effect of sample similarity, F(3, 57) = 12.7, p < 0.001, and most importantly, a strong quadratic trend, F(1, 19) = 37.7, p < 0.001. That is, WM recognition was fastest when the two samples were identical but was dramatically slowed when the samples were similar to one another and would presumably mutually suppress each other's maintenance-related activation (0 versus 20 , t(19) = 4.4, p < 0.001; 0 versus 40 , t(19) = 5.2, p < 0.001). Critically, when the WM samples were further away from each other in color space, and presumably beyond the bounds of either representation's inhibitory surround, however, recognition was faster than when the samples were more similar (20 versus 60 , t(19) = 2.1, p = 0.05; 40 versus 60 , t(19) = 3.0, p = 0.007). Accuracy displayed a main effect, F(3, 57) = 13.0, p < 0.001, in that performance was best when the two WM samples were 0 apart (mean = 93%; SD = 4%). As anticipated given the low WM load, however, follow-up t tests between conditions of interest were not significant, as performance was equally accurate for all conditions when the WM samples were greater than 0 apart (20 : mean = 87%, SD = 7%; 40 : mean = 86%, SD = 8%; 60 : mean = 85%, SD = 8%; 20 versus 60 : t(19) = 1.2, p = 0.22; 40 versus 60 : t(19) = 0.5, p = 0.60). These RT data provide clear additional evidence for mutual suppression between similar WM items and corroborate that the modulation of the WM bias observed in experiment 1 results from a center-surround organization within WM maintenance itself.
DISCUSSION
Attentional selection allows us to focus on a limited amount of information in the environment for further processing. When representations are temporarily internally activated, in the absence of sensory input, we also need a means by which to select and focus on the most relevant of this WM content. Recent neuroimaging evidence suggests that WM may draw on the same neural representations as visually attended stimuli [21] [22] [23] . Likewise, many theories now conceptualize WM as internally oriented attention that activates perceptual representations in much the same way as attention to external stimuli would [24] [25] [26] [27] [28] [29] [30] . We hypothesized that the same mechanisms that select sensory stimuli should also be at play within WM [31] . To test this hypothesis, we exploited the phenomenon that WM content biases attention toward matching (but task-irrelevant) items in the visual scene and found that this bias was inhibited for stimuli that would fall within the suppressive penumbra of the WM sample. In a second experiment, two similar items maintained simultaneously in WM also inhibited one another more than two dissimilar items. Visual attention and WM, therefore, do appear to employ the same center-surround selection mechanism to accentuate the distinction between relevant and irrelevant stimuli. Because visual search targets and distractors were always 180 away from one another on the color wheel, we might also expect to observe such an inhibitory pattern when stimuli nearby to the WM sample coincide with the distractor. That this pattern is not evident here may be explained by the fact that facilitation from WM-matching targets and inhibition from WM-matching distractors have been suggested to occur by qualitatively distinct mechanisms [32] [33] [34] [35] , so we would not necessarily expect the modulation of both to be equal. Intriguingly, furthermore, the release from suppression observed in experiment 1 corresponds to the distance of non-matching probes from the WM sample (i.e., 30 )-which would dictate the specificity of WM discrimination necessary to perform well on catch trials. In feature-based visual attention, earlier studies have found the extent of the inhibitory surround to instead span 60 [4] , which we also observed in our second experiment when WM load was increased to two items ( Figure 3B ), hinting at the exciting possibility that the width of an inhibitory surround may vary flexibly with task demands.
These findings are consistent with a recent theory that attention and working memory capacities are constrained by a flexible cortical content map organization, wherein nearby items have overlapping inhibitory surrounds, leading to inter-item competition [36] . The results also corroborate recent evidence that WM representations can act like attended stimuli [37] [38] [39] but now uncover a neurobiologically plausible mechanism for selective WM maintenance: namely, the center-surround configurationlikely arising from lateral inhibition-that analogously focuses visual attention on representations of task-relevant stimuli in the environment. The results reported herein present compelling evidence that WM processes abide by core properties of attentional selection, which may directly reflect biased competitive dynamics of local neuronal populations, and thus open several avenues of future inquiry into the neurophysiological mechanisms that allow us to select and process information ''in mind.''
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